[1] We measured the electric parameters for four different configurations of unconsolidated homogeneous and layered sands as a function of frequency, water saturation, and salinity under fluid flow conditions. Our objective is to determine if the effect of heterogeneities at scales much smaller than the skin depth can be captured by introducing effective frequency-dependent electrical values whose behavior can be described by simple functions. We employed the parallel plate capacitor technique to measure the complex impedance over a broad frequency range, from 100 kHz up to 3 MHz. We conducted main drainage and secondary imbibition cycles at atmospheric pressure and temperatures between 21°C and 22°C. The hysteretic effect in the real part of the effective complex permittivity at higher concentrations of NaCl is more pronounced for the homogeneous configurations than for the heterogeneous samples. Effective medium theory works well for dry and saturated layered sand, when the NaCl solution concentration is 1 mmol/l. It fails for fully saturated layered sands at salinities of 10 mmol/l or more. It also does not work for partially saturated sands, independent of salinity. A description of the electric properties of a layered sand at all saturation levels by means of an effective homogeneous medium will therefore require a dependence on frequency, saturation level, and salinity of the pore fluid. An extended version of the Cole-Cole model fits the nonmonotonic behavior of the real part of permittivity versus saturation.
Introduction
[2] Electric laboratory measurements on unconsolidated sand-water mixtures have shown that the effective complex electric permittivity in the frequency range between 1 mHz and 10 MHz depends on frequency, water saturation level, and salinity [e.g., Shahidi et al., 1975; Ulrich and Slater, 2004] . At lower frequencies, between 1 mHz and 10 kHz, spectral induced polarization (SIP) measurements are primarily used to examine polarization of charges near and on mineral-fluid interfaces, as discussed by Vanhala and Soininen [1995] and Breede et al. [2009] , among others. Electric measurements at higher frequencies, between 10 kHz and 10 MHz, were conducted to investigate the electrical behavior of unconsolidated sand under various conditions [Chen and Or, 2006] . Experiments were mainly performed on homogeneous, unconsolidated or consolidated sand samples with a static saturation technique, when the pore fluid has reached a static state [Binley et al., 2005; Schmutz et al., 2010] . Those and similar studies mainly focused on the frequency dependence of the electric characteristics.
[3] The key issue, which we are concerned with here, is the electric hysteresis between drainage and secondary imbibition that occurs during continuous fluid flow. In that case, the pore fluid distribution in a heterogeneous porous medium depends on the prior saturation history and can be far from equilibrium. This will appear in the system's electric response, which may show different results for a single value of the saturation. The shallow subsurface, in particular the first few hundred meters, is often subject to sequences of drainage and imbibition due to, e.g., rain and evaporation and changes in the groundwater table. Hysteretic effects also occur for water-immiscible contaminants. Their infiltration and subsequent displacement with, e.g., natural groundwater flow can be determined by electric permittivity versus saturation scanning curves.
[4] Knight and Nur [1987a] found hysteresis in the real part of the relative effective complex electric permittivity for sandstone measured at frequencies from 10 kHz to 1 MHz. They started the imbibition cycle by letting dry sandstone samples adsorb water from air at 100% humidity. Higher water saturations were achieved by soaking the samples in deionized water. The drainage cycle was performed by simply leaving the saturated samples to dry on the bench top. To achieve low levels of water saturation, samples were placed in a desiccator containing calcium sulfate.
[5] Longeron et al. [1989] found hysteresis in the electrical resistivity of two types of strongly water wet samples, sandstone and limestone, when brine and oil saturation was varied during imbibition and drainage cycles. They put the samples between two porous plate electrodes to measure the electrical resistivity at a frequency of 4 kHz.
[6] The electric permittivity hysteresis must be caused by a change in the gradient of the water saturation. This led Plug et al. [2007a] to formulate the hypothesis that the difference in water saturation gradient should be measurable in the capillary pressure. They measured nonmonotonic behavior in the real part of the relative electric permittivity for homogeneous and coarse unconsolidated sand as a function of water saturation with distilled water under fluid flow conditions. They also measured hysteresis in the electric response during drainage and imbibition under fluid flow conditions. They found that the capillary pressure was a unique function of the measured electric permittivity and water saturation [Plug et al., 2007b] .
[7] We have measured the electric responses, between 100 kHz and 2 MHz, of sand samples under fluid flow conditions, similar to the measurements reported by Plug et al. [2007a] . We have done these measurements on unconsolidated homogeneous and layered sands, during drainage and imbibition with air and water of three different NaCl concentrations as saturating fluids, under room temperature and ambient pressure.
[8] The goal is to understand the experiments in terms of effective electric effects that can be used in numerical modeling and inversion of field measurements. For that reason, we investigate to what extent the effective medium theory for layered media holds for measured electric properties of layered sands, using experimentally obtained electric properties of homogeneous sands obtained as a function of frequency, water saturation, and salinity. We further test a simplified version of a double Cole-Cole model to fit the measured data as a function of frequency, for each saturation level and salt concentration. We also investigate the effect of layering on nonmonotonic behavior and hysteresis in electric permittivity and conductivity between drainage and imbibition.
[9] Results of these investigations could be applied to borehole logging data, because the frequency range and physical scale that we use are similar to those used in borehole logging. Modern near surface electromagnetic methods employ a frequency range just below the range considered here [Moghadas et al., 2010] . Such methods lead to considerable sensitivity to soil moisture changes in the vadose zone. For those surface and/or borehole methods there is no scaling issue. For measurements undertaken in the field at larger scales to obtain information for larger depths, downscaling the frequency range by a factor 100 would be necessary. The results could then possibly be applied to these low-frequency surface and/or borehole measurements, which would lead to a discussion about the scalability of the measurements. This is an important issue, because by downscaling frequency we upscale skin depth, but the grain sizes and thereby pore volumes and pore geometries do not scale. A discussion on this subject is outside the scope of the current paper.
Experiments

Experimental Setup
[10] The sample holder, shown in Figure 1 , is designed as a flat capacitor, similar to the one used by Keller and Licastro [1959] , Mitchell and Arulanandan [1968] , McCarter [1984] , Knight and Nur [1987b] , Shen et al. [1987] , and Kavian et al. [2009] . It has an adjustable height and is capable of measuring the electric response, while fluids are flowing through the sample. It consists of two parts: two porous plates, acting as electrodes (SIPERM R80, porous stainless steel), and five PVC rings, each with a diameter of 15 cm and 3 cm height that contain the sample. To avoid water leakage, we use sealing O rings in between the individual PVC rings. These rings are mounted together with Teflon bolts at the top and bottom. A syringe pump (TELEDYNE ISCO pump, 1000D) is connected to the bottom of the sample holder and is set to a constant injection or collection rate with an accuracy of 0.005 ml/min. The sample holder is put in a metallic box that acts as a Faraday cage to shield it from external noise, as illustrated in Figure 1 . We use a precision component analyzer (Wayne-Kerr, 6640A) to measure the impedance amplitude, |Z| [W] , and the phase angle, [rad] , as a function of frequency. These measured values are related to the relative effective complex permittivity, *, of the sample, defined by * = R − i I , where i denotes the imaginary unit and the indices R and I represent the real and imaginary parts, respectively. We can also use the effective complex electric conductivity, s* ≡ iw 0 * = s R + is I . These are related by s R ≡ w 0 I , s I ≡ w 0 R , with both I and s R real nonnegative functions of frequency. Here, 0 is the permittivity of vacuum and w is the angular frequency, defined by w = 2pf, f being natural frequency. Note that the sign for the imaginary part depends on the chosen Fourier convention. The opposite choice is obtained by replacing i with −i in the above.
[11] The experimental setup allows measurements at a wide frequency range while fluids flow through the pore volume. We are interested in the electric response behavior as a function of frequency, water saturation, and salinity. We carry out these experiments on homogeneous as well as flatlayered, unconsolidated sand samples. These measurements give the desired effective electric properties of homogeneous and layered sands as a function of frequency depending on water saturation and salinity. The component analyzer is set to output the amplitude |Z*| (W) and phase angle (rad) of the complex impedance, Z* (W), given by Z* = |Z*|e i . Because the setup is a parallel circuit the relative electric permittivity can be obtained from the measurements as * = d/(iw 0 AZ*), where d (m) denotes the sample height and A (m 2 ) denotes the sample cross-sectional area. Statistics of 64 measurements on an air-filled sample holder give us a zero mean amplitude error with a standard deviation of less than 0.2% over the whole frequency range, and an mean phase error of 20 mrad with a standard deviation of less than 1.5 mrad. Because the mean phase error is almost constant over the considered frequency range, we correct for this constant shift and obtain a zero mean phase error with a standard deviation less than 1.5 mrad.
Samples and Measurements
[12] We performed experiments on fine-and coarsegrained unconsolidated quartz sand samples. The electrical measurements ran almost continuously during saturation (imbibition) and desaturation (drainage) cycles, for three different concentrations of NaCl in water (1 mmol/l, 10 mmol/l, and 100 mmol/l). The coarse and fine sands had a grain size distribution ranging from 350 mm to 420 mm (D70) and 150 mm to 175 mm (D25), respectively. The untreated sand samples, with a height of 9 cm and a diameter of 15 cm, were placed in the sample holder for measurements.
[13] We considered the two homogeneous samples and two different combinations of a three-layer model. These combinations are sketched in Figure 2 . We define homogeneous coarse and fine grain size sands as H350 and H150, respectively. The two layered cases are defined as B350-M150-T350 and B150-M350-T150, where B, M, and T stand for the bottom, middle, and top layers as sketched in Figure 2d . The sample holder was vibrated for 15 minutes to reach a porosity of 0.375 ± 0.005 and 0.395 ± 0.005 for the coarse-and fine-grained sands, respectively. The porosity was calculated with the formula discussed by Plug and Bruining [2007] . Then the sample holder was put inside the Faraday cage and filled from the bottom with water of the lowest concentration of salt (primary imbibition) until the sample was fully saturated. [14] During the next stage, a constant water draining flow rate of 2 ml/min was applied. This main drainage process was continued until air flowed through the sample and no more water was produced. After 10 to 20 minutes to prepare for the reverse cycle, the second imbibition cycle was started by injecting water at the same constant flow rate as used for drainage, using fresh saline water, not the drained fluid. We determined the water saturation from the produced or injected water volume during drainage and imbibition using a balance.
Data Validation
[15] We analyzed our NaCl solution measurements based on the model of Debye [1929] . Similar to the work of Batalioto et al.
[2010] on dielectric dispersion of water, we fitted our experimental data to Debye's model to validate our NaCl solution measurements. We limited our validation to the case that one relaxation time is enough for a reasonably good description of our NaCl solution measurements. This is a valid assumption since in our NaCl solutions only one group of ions is present, and the cations (Na + ) and anions (Cl − ) have the same mobility [Barbero and Alexe-Ionescu, 2005] . Figure 3a shows the measured electric permittivity spectra for two different NaCl concentrations together with Debye's model. The agreement between the experimental data and the model is good with an error of less than 1% for C = 1 mmol/l at each frequency and less than 5% for C = 10 mmol/l at frequencies below 2 MHz. Figure 3b shows the corresponding real parts of the electric conductivity values obtained from the measurements and the Debye model. The agreement between the experimental data and the model is very good with an error of less than 1% at each frequency. It can be seen that for a conductivity of 0.01 S/m, the corresponding real part of electric permittivity has a consistent error of 1%, whereas when the value of the real part of conductivity is increased by an order of magnitude the accuracy of the real part of permittivity is decreased to less than 5% at frequencies below 2 MHz. From these results we conclude that we can retrieve real parts of electric permittivity from the impedance measurements with an error of less than 1% when the real part of conductivity is retrieved from the measurements with values less than 0.01 S/m. We have established that our measurements do not suffer from electrode polarization effects in the frequency range from 100 kHz to 3 MHz for all salt concentrations considered. We have also found a bulk conductivity limit of 0.1 S/m below which we can retrieve the real part of conductivity with errors less than 1% and the real part of electric permittivity with errors less than 5%.
[16] Figure 4 shows the spectral data of the effective permittivity * together with the effective model prediction results for the three-layered sand (B350-M150-T350) in dry and fully saturated conditions with a NaCl solution concentration of C = 1 mmol/l. The data from the fully saturated sample are obtained under continuous fluid flow conditions just before the drainage cycle starts. We have used the series capacitors connection model to predict the effective electric permittivity of the three-layered (n = 3) sand sample. The general model is given by
Here, y m and m * are, respectively, the volume fraction and the relative effective electric permittivities of layer m obtained from measurements on the corresponding homogeneous samples. The results show that we can substitute an equivalent homogeneous sand for a three-layered dry or fully saturated sand with an error less than 2% for the real and imaginary parts at each frequency. We can also see that the results for the dry sample become less accurate for frequencies above 1 MHz, which was also observed in the measurements on the homogeneous sample. This is because, for an almost nonconducting sample, the limited accuracy of the component analyzer now results in an inaccurate imaginary part of the permittivity. In all further plots we show the real part of permittivity and/or the real part of conductivity computed as s R = w 0 I .
[17] We note that the application of the series connection model to intermediate saturations levels did not provide satisfactory results. This calls for other models to understand measurements at partial water saturation levels. We show model fits in the next section for different saturation levels.
[18] Figure 5 shows the real part of the electric permittivity during the primary imbibition and first drainage cycles with 1 mmol/l salt concentration in water for the homogeneous coarse sand. The primary imbitition measurements are taken with the flow rate set to a constant 1 ml/min. The electric impedance is recorded every 20 minutes until we reach the full saturation level. Then, we decrease the saturation by draining the sample at a flow rate of 2 ml/min. The complete imbibition/drainage cycle takes 16 hours. The excess values of the permittivity increase with saturation during the primary imbibition cycle until a critical saturation level is reached and then drops dramatically. At 105 kHz, the critical saturation level occurs at S w = 0.90 and shifts to lower saturation values at higher frequencies and the effect has vanished at 1 MHz. These results are all consistent with the results from the literature. The significance of these results lies in the fact the first drainage curves always lie below the primary imbibition curves, which is in agreement with the work of Knight and Nur [1987b] . We come back to this result in the next section.
Experimental Results
Spectra of Dry Sand Packs
[19] We measured the electrical behavior of the dry sand samples to investigate the effect of grain size, homogeneity, and layering. Figure 6 shows the electric permittivity of the four samples in the initial state prior to the first imbibition. In Figure 6a , the spectra of R are independent of frequency. The higher capacitive effect is observed for the layered case (B350-M150-T350) where we have two layers of coarsegrained sand sandwiching a fine-grained sand. In Figure 6b we observe that the real part of conductivity obeys a simple power law as a function of frequency and the values for the mixtures lie in between the values of the homogeneous constituents. Above 1 MHz the accuracy limit of the receiver has been reached.
Nonmonotonic Behavior of Electric Permittivity as a Function of Water Saturation and Hysteresis in Drainage and Imbibition
[20] Figure 7 shows three plots of the real part of the relative electric permittivity versus water saturation for the homogeneous coarse-grained sand at frequencies of 105 kHz, 332 kHz, 1.05 MHz, and 3 MHz, in each plot for a single salt concentration. At the highest concentration of C = 100 mmol/l, the results for 3 MHz are replaced by results for 1.67 MHz, which is the highest frequency where we have accurate data for this salt concentration. Note that the drainage curves are the same in Figures 7a and 5 , but the imbibition curves are different. The imbibition curves in Figure 5 are the electric response of a completely dry sample in initial state, where as the imbibition curves in Figure 7a are taken after the primary imbibition and first drainage cycles. In Figure 7a there is a data gap between the saturation level of 0.77 and 0.58 where drainage continues before we switched over to imbibition at saturation level 0.58. Some effect of reversing the flow at partial saturation levels can be observed in all curves.
[21] By comparing Figures 7a, 7b , and 7c it can be observed that for the homogeneous coarse sand sample the nonmonotonic behavior increases with increasing salinity, but decreases with increasing frequency. At the highest salt concentration of 100 mmol/l the nonmonotonic behavior remains strong up to 1.67 MHz as can be seen in Figure 7c . The maximum saturation level we achieved with our technique depends on salinity as can be seen by comparing the rightmost end-points of all open symbols. A second observation is that the difference in saturation after start of first drainage and the end of second imbibition becomes smaller with increasing salinity. At 1 mmol/l salt concentration, the maximum permittivity values at 105 kHz are twice as high as the maximum values attained at 3 MHz, which is consistent with the work of Plug et al. [2007b] . We observe a factor of 4 at 10 mmol/l salt concentration. The curves at 100 mmol/l are relatively closer together than the curves at 10 mmol/l indicating the excess capacitive effect of dissolved charged particles in the pore water depends nonlinearly on salt concentration and the frequency range where this effect occurs becomes wider with increasing salt concentration in the pore water.
[22] We provide a practical model with a small number of fitting parameters to model the complex electric data of unconsolidated sands undergoing continuous drying and imbibing with water of three different salinities. The model is an extended version of the Cole-Cole model [Pelton et al., 1978] . Different forms of extensions have been used by Ghorbani et al. [2009] to model the spectral induced polarization of clayey rocks during drying process, by Weller et al. [2010] to estimate normalized specific surface area from IP measurements, and by Kruschwitz et al. [2010] to investigate textural controls on the electric response of porous media. We assume that the complex impedance contribution of the sample can be described by a parallel circuit of R 1 − (iwc 1 ) −a which is in series with a parallel classical R 2 − C 2 circuit
with fitting parameters, r 1 and r 2 as the resistivities,
Á 1 c 1 and t 2 = ( d A r 2 )C 2 as the relaxation times [Luo and Zhang, 1998 ]. This model (equation (2)) is reproducible from the double polarization model reported by Kemna et al.
[2000],
where m k , t k , a k are chargeability, relaxation time, and dispersion exponent that defines the spread of the relaxation time spectrum. When in equation (3) we take m 1 + m 2 = 1, and a 2 = 1, we obtain the equation (2) with new fitting parameters, r 1 = m 1 r 0 , r 2 = m 2 r 0 . The condition, m 1 + m 2 = 1, indicates that the resistivity in zero-frequency limit has the value as r 0 . This value for the infinite frequency limit becomes zero. The assumption of a 2 = 1 reflects a classical parallel R-C circuit. Equation (2) is used to obtain the unknown parameters by fitting the model to the experimental data. The parameters obtained from the fitting procedure, using data for imbibition and drainage, are presented in Tables 1 and 2 . The root mean square error (RMSE) is given by
where N is the number of frequencies, the w n are the angular frequencies, d and d 0 are the modeled and experimental data, respectively. The RMSE over the frequency range used here is less than 5% for all saturation levels and salt concentrations. In Table 1 , the fitted model parameters for H350 sample are provided for saturations between 0.59 and 0.73 and for three salt concentrations. For the layered sand sample (B150-M350-T150) shown in Table 2 , the fitted model parameters were obtained at saturation levels from 0.87 to 0.78 during first drainage and second imbibition cycles, for three salt concentrations. We have a root mean square error of less than 5% for both drainage and imbibition cycles and three concentrations. We use
to convert the modeled resistivity values to real relative permittivity and real conductivity and plot the results together with the experimental results to show the goodness of fit.
[23] The modeled results for drainage and imbibition processes are shown in Figures 7 and 8 by solid lines. This model reproduces very well the nonmonotonic behavior observed in the real part of the relative effective permittivity versus saturation, even though for high NaCl solution concentrations the nonmonotonic behavior is more pronounced.
[24] In Figure 8a , the real part of the relative electric permittivity is shown obtained for the three-layered sand (B150-M350-T150) at the lowest salinity. All drainage curves lie above the corresponding imbibition curves. The nonmonotonic behavior for the drainage imbibition cycle at high saturation levels, observed for the homogeneous sand sample at the same salt concentration, does not show up here. At the next NaCl concentration of C = 10 mmol/l, we observe a small hysteretic effect, shown in Figure 8b . Increasing the salinity by another order of magnitude leads to a much stronger hysteretic effect between drainage and imbibition and causes all the drainage curves to drop below the corresponding imbibition curves, as can be seen in Figure 8c . This suggests a change in the capacitive effect of the partially saturated sands as a function of flow direction depending on salt concentration of the pore water. At frequencies below 1 MHz the drainage curves are nonmonotonic, while for frequencies above 1 MHz the drainage curves decrease with increasing water saturation. The imbibition curves increase with increasing saturation for all frequencies.
[25] Figure 9 shows the real parts of the relative effective permittivity versus water saturation at a frequency of 210 kHz, a) for 1 mmol/l, b) for 10 mmol/l, and c) for 100 mmol/l salt concentrations. Each plot shows drainage imbibition results for the three different sand packs, homogeneous sand H350, and the layered sands B150-M350-T150 and B350-M150-B350. The layered sands behave different from the homogeneous sand. The layered sand with the larger coarse-grained fraction is characterized by an imbibition curve that lies above the drainage curve, whereas for the layered sand with the larger fine-grained fraction the imbibition curves lie below the drainage curves for salt concentrations of 1 mmol/l and 10 mmol/l. The homogeneous coarse-grained (H350) unconsolidated sand sample changes its electric response to salinity variations more strongly than the layered sands, whose response is much less affected by a change in salinity.
[26] Figure 10 shows the real electric conductivity values that correspond to the relative real permittivity plots shown in Figure 9 . The behavior of the real part of effective electric conductivity versus saturation is shown in Figure 10 . Note that the coarse-grained homogeneous sand (H350) has the highest conductivity for all NaCl solution concentrations and the same saturation levels. The electric conductivity imbibition curves for this sample lie above corresponding drainage curves.
[27] At the lowest salinity, the layered sample (B350-M150-T350), behaves much more like the (B150-M350-T150) for low water saturation, but shows a stronger increase in conductivity as the water saturation increases. The imbibition curve for the layered sand sample(B150-M350-T150) has a conductivity almost independent of saturation (see Figure 10a ), which could point at the possibility of grain surface counterions migration as cause for bulk conductivity at these low ion concentrations [Revil et al., 1998 ], whereas all other sands have an appreciable dependence on water saturation and hence their bulk conductivity increases with an increasing number of bulk ions in the pore water.
[28] In Figure 10b obtained at the intermediate salinity, the three different samples stand fairly apart. The hysteretic effect in the electric conductivity is more clear for the homogeneous coarse-grained sand.
[29] At high salinity, the drainage curves for the two three-layered sand samples follow each other and the drainage curve for the (B150-M350-T150) lies above the drainage curve for the (B350-M150-T350), as shown in Figure 10c .
Discussion
[30] Knight and Nur [1987a] observed a dependence of the (real part of the relative effective complex) electric permittivity on the saturation history for a tight gas sandstone sample. They used a static technique to reach a saturation of 0.85 through humidity adsorption and immersion of dry sandstone samples in deionized water [see Knight and Nur, 1987a, Figure 3] . They observed that the real part of the relative effective permittivity depends on frequency. They found the magnitude of the hysteresis to decrease with increasing frequency, with the permittivity values being larger during imbibition than during drainage over a specific range of saturations. a Saturation levels "S w " are common between three different salt concentrations. RMSE stands for root mean square error over the frequency range studied here. a Letters d and I stand for first drainage and secondary imbibition cycles, respectively. Saturation levels "S w " are common for both drainage and imbibition cycles. RMSE stands for root mean square error over the frequency range studied here. [31] With their static saturation technique, no hysteretic effect were found for frequencies above 105 kHz and for saturations above about 0.7. For imbibition, they observed a critical saturation level above which the permittivity drops. This effect was attributed to a loss of connectivity in the air phase inside the sandstone's pore space. Consequently, the capacitive contribution from the water-air configuration is effectively short circuited. In our dynamic experimental technique, we also observe a critical saturation during drainage, which was not the case in the experiments of Knight and Nur [1987a] . Instead, they found a monotonic behavior of dielectric data during drainage, with the permittivity decreasing linearly with decreasing saturation. This effect was interpreted to be due to the fact that a drainage geometry dominates the system after the rearrangement of the pore fluid and the gas phase makes essentially no contribution to the real part of the relative effective permittivity during drainage [Knight, 1991] .
[32] In our electrical measurements on unconsolidated sand samples, we found a hysteretic effect for frequencies above 105 kHz and saturation levels above 0.7, which not only depends on the frequency but also on the sample configuration and the NaCl solution concentration.
[33] During imbibition, we recorded the electric data under continuous flow conditions until saturation could not be further increased. We saw that under these continuous flow conditions the real part of the relative effective permittivity data of unconsolidated sand samples during primary imbibition are above their corresponding first drainage (see Figure 5 ). This is consistent with the work of Knight and Nur [1987a] on sandstone saturated with distilled water. We continued the drainage imbibition cycles by increasing the NaCl solution concentration and found that the first drainage curves could attain values that are higher than their corresponding secondary imbibition curves. This situation depends on the sample, saturation level, and salinity. It can be reversed for a fine three-layered sand (B150-M350-T150) in highest NaCl solution concentration (see Figures 8c and 9c) or for a coarse three-layered sand sample (B350-M150-T350) for all NaCl solution concentrations (see Figure 9) . Plug et al. [2007b] reported the same effect in which the scanning drainage curves lie above the corresponding imbibition ones for a CO 2 -sand-water system under 8 bar and 13 bar pressure conditions and at 100 kHz.
[34] The observed salinity dependence of the homogeneous and layered unconsolidated sand samples, shown in Figure 9 , suggest the possibility to discriminate homogeneous sand samples from layered sands by using saline water in a tracer test [Slater et al., 1997 [Slater et al., , 2000 Cassiani et al., 2006] .
[35] The nonmonotonic behavior in permittivity at a critical saturation threshold can be interpreted using percolation theory as discussed by Chelidze and Gueguen [1999] . This theory predicts that, when a continuous conducting path of water is formed, the capacitive contribution from water-air capacitors dies out whereas the water-grain capacitors still have a contribution to the real part of the relative effective permittivity of the sample [Sen, 1980] . We experimentally found that the nonmonotonic behavior of the real part of the relative effective permittivity versus saturation becomes more pronounced for high NaCl solution concentrations. A possible explanation for this phenomenon is that the number of the ions increases with increasing concentration and the distance between the ions will decrease. As a consequence, the electrostatic Coulomb interaction between ions will be intensified, which leads to larger values of permittivity.
[36] The highest conductivity observed in all salinities for the homogeneous coarse-grained sand could be due to the high permeability. The most commonly used formula for describing the variation of electric conductivity with saturation S w , introduced by Archie [1942] , has the electric conductivity proportional to S w n , where n is referred to as the saturation exponent. Figure 10 apparently shows that the variation in electric conductivity with S w and salinity is more complicated than can be described by Archie's law. The complexity increases when we take the frequency dependence of electric conductivity into account. By fitting the complex resistivity model to the measured data for the homogeneous coarse-grained sand during imbibition at four common saturation levels we can observe significant contribution from the distributed relaxation mechanism. This mechanism is provided in the first part of the model where the shape exponent a can deviate from unity and the results for the homogeneous coarse-grained sand sample are given in Table 1 . Values different from unity mean that pore geometry has an influence on the bulk electric resistivity. At all three salinity levels and in the observation range of frequencies the pore water has frequency independent electric resistivity. The dry sand has frequency independent resistivity. When mixed with water the bulk resistivity becomes frequency dependent for the four water saturation levels. At 1 mmol/l salinity concentrations t 1 and a are fairly constant, at 10 mmol/l t 1 varies over an order of magnitude, while a increases by more than 10%, from the first to the second saturation levels, then they remain constant when saturation is raised from 0.64 to 0.69, whereas the factor (iwt 1 ) a becomes irrelevant at the saturation level of 0.73. For the same sample the values that contribute to the classical R-C circuit show a slight decrease, for each salinity level, with increasing saturation level. For each saturation level the resistivity r 2 and relaxation time u 2 decrease with increasing salt concentrations and at 100 mmol/l the frequency dependence has disappeared.
[37] From Table 2 we can observe that for the threelayered sand sample (B150-M350-T150) the difference between drainage and imbibition decreases with increasing salt concentration. The shape exponent a increases with increasing salinity and is lower for imbibition than for drainage at 1 mmol/l. Hence effective capacitive effects are more clearly observed at the low salinity of 1 mmol/l. For the part modeling the classical R-C circuit t 2 is constant during imbibition at 1 mmol/l, whereas it is decreasing with increasing saturation during drainage for both salinity levels where it has significant values and during imbibition at 10 mmol/l. This describes that the effective capacitive effect is reduced at high water saturation levels clearly indicating interplay between water and air in the pore space on the bulk effective frequency dependence of resistivity.
Conclusions
[38] Our measurements on homogeneous and layered unconsolidated sand packs for three different NaCl solution concentrations clearly show that besides the frequency dependence of hysteresis in the real part of the relative effective complex electric permittivity, the hysteretic effects also depend on salinity, macroscopic homogenization of the samples, and the use of a static or dynamic procedure for performing the saturation cycles. Sands under water flow conditions mimic groundwater table variations and subsurface run off during and after precipitation events. Under groundwater flow conditions, sand shows hysteretic electric responses for saturation levels beyond 0.8.
[39] The experiments show that the hysteretic effect in the real part of the relative effective permittivity becomes more pronounced at lower frequencies, at 105 kHz, where the change in interfacial area can be the dominant effect. The hysteretic effect is a function of salinity and the kind of sample. For the homogeneous coarse-grained sand sample, the drainage curves can attain permittivity values that lie above the corresponding imbibition curves whereas this is not the case if the layered sample mostly consists of coarsegrained sands.
[40] For the three-layered sand sample considered in dry and fully saturated case, the measured relative effective complex electric permittivities satisfied the series capacitor model for all frequencies and at low salinities. This implies that the system of layers can be considered as an effective medium or a macroscopically homogeneous mixture.
[41] The five parameter model, which we introduced, very well fits the complex electric resistivity data of homogeneous and layered unconsolidated sands during the drainage and the imbibition cycles under continuous flow conditions and different salinities. For the highest salt concentration of C = 100 mmol/l, a three parameter model is enough to fit the experimental data.
